Recirculation, from arterial inflow routes through venous outflow pathways, was conceptualized in stroke research 50 years ago. As new technologies were developed, blocked arteries could be reopened, capillaries could be reperfused, and the use of recanalization and reperfusion grew to dominate therapeutic strategies. These approaches overwhelmingly focused on restoration of arterial and capillary inflow, but not on veins even though venous disorders may initiate or exacerbate brain injury. In this commentary, we advance the term ''recirculation'' after ''recanalization'' and ''reperfusion'' as a primary concept of stroke pathophysiology that targets the restoration of both the arterial and venous cerebral circulations.
Many stroke investigators have presumed that because venules and veins have extremely thin walls, increased arterial blood flow will force venules and veins to passively dilate and therefore venous hemodynamics are not generally considered during treatment of acute arterial stroke. Many textbooks and schematics of stroke pathophysiology focus on small arteries, arterioles, capillaries, neurons, astrocytes, and pericytes, 1 but offer little or no mention of venules and veins. 2 The function of venules and veins, however, is especially critical during severe stroke, and their dysfunction may initiate and contribute significantly to brain injuries. In ischemic stroke patients, an absence of venous filling is associated with poor outcomes and brain edema formation, even though reperfusion can reduce brain injury. 3 Therefore, we propose to add ''recirculation'' after the terms ''recanalization'' and ''reperfusion,'' both of which are focused primarily on arterial and capillary blood flow. The use of ''recirculation'' as a term that includes both the arterial and venous aspects of a stroke event appeared as early as 1975, when Zimmermann and Hossmann 4 published their study of a monkey cerebral ischemia model. Thus, we propose that ''recirculation'' again should define involvement of both the arterial and venous components in stroke, and emphasize that clinical assessment of stroke patients should include the ''entire'' circulation in designing strategies for improving outcomes.
Historical overview: Monro-Kellie doctrine and starling resistors
In the early 1900s, pioneering work by the English physiologist Ernest Starling introduced multiple concepts fundamental to modern understanding of cardiac physiology, including the Frank-Starling Law of the heart. 5 A key concept essential to these early studies of cardiac function was the ''Starling resistor,'' an idea that attributed control of vascular resistance to vascular compression by extravascular forces, such as those encountered by coronary vessels during systole. 6 These perspectives helped emphasize that any limit on tissue volume, such as those imposed by the cranium, could amplify flow-induced changes in tissue pressure and venous compression. In contrast to the coronary circulation, however, where flow is greatest during diastole, flow in the cerebral circulation is near-continuous throughout all of both systole and diastole, which has unique implications for interactions between arterial inflow and venous outflow.
Prior to the work of Starling, understanding of the regulation of intracranial pressure (ICP) was dominated mainly by the Monro-Kellie Doctrine, established in the early 1800s, 7 which dictated that a change in the volume of any component within the fixed volume of the cranium must be accompanied by an opposite change in another intracranial constituent. Because the cerebral ventricles were large and fluidfilled, a common early view was that these elements could change volume to compensate for changes in cerebral blood flow and volume. 8 However, integration of the tissue pressure ideas introduced by Starling implicated cerebral venous compression as a major, but graded, response to increased ICP.
Starling resistors in stroke pathophysiology
Given that severe stroke results from multiple different arterial etiologies, it is not certain how venous pressure, flow, and injury contribute to brain pathology. To explore this question, Hallenbeck hypothesized that cerebral veins function as Starling resistors following cerebral ischemia and reported that venous compression was a common element of responses to even mild cerebral ischemia. 9 Hallenbeck's work motivated other studies that expanded the view of cerebral veins as Starling resistors, and demonstrated that this mechanism was functionally important even under physiological (non-ischemic) conditions. 10, 11 Additional work further identified veins at the external margin of the cranium that contained multiple layers of smooth muscle, were adrenergically innervated, and could enhance ICP through venoconstriction. 12 Together, these results argued strongly against the view that cerebral veins were merely passive structures, and for the view that veins participated actively in regulation of both cerebral perfusion and ICP. 13 Venous pathophysiology after acute arterial stroke Relevant to patients with elevated ICP, the Starling resistor theory predicts that increased ICP may not compress small arteries or arterioles due to their greater pressure and thick layers of smooth muscle and adventitia, but may compress capillaries, venules, and even veins, 2, 9, 11 including cerebral bridging veins prior to their entry into the superior sagittal sinus. 14 In this case, even though venous lumen diameters may change little on average, total venous blood outflow can actually decrease. 14 Correspondingly, Uhl et al. 15 reported compressed venules and low capillary densities in subarachnoid hemorrhage (SAH) patients, and that subsequent craniotomy to clip aneurysms ultimately decreased ICP and increased both venous flow and capillary filling. 15 Mursch et al. 16 reported that the overall outcome of SAH was more closely related to cerebral venous outflow than to arterial vasospasm.
Clinical use of nimodipine and other dihydropyridines to improve cerebral perfusion after SAH and TBI 17 may aggravate injury if venous pressure is elevated 18 (Figure 1 ). Dihydropyridines dilate cerebral arteries and arterioles by blocking voltage-dependent calcium channels in arterial smooth muscle. 19 However, there are few smooth muscle cells in venules, small cerebral veins, or bridging veins. 20 Thus, nimodipine increases arterial inflow but does not dilate veins, which augments extravascular pressure on the venous system. For patients with developmental abnormalities of the sinuses, venous thromboses, or elevated ICP (e.g. after SAH), Starling resistor theory predicts that anatomical limits on venous outflow will lead to brain swelling when arterial flow is significantly increased. Interestingly, ''vasogenic brain edema'' has been reported in SAH patients after administering nimodipine. 21 In addition, several studies related to stroke clearly suggest that multiple factors influence, and are prognostic for, cerebral venous thrombosis including edema, migraine, and hormonal etiologies. 22, 23 Endovascular treatment in a subset of patients also can provide improved outcomes. 22 Furthermore, quantitative neuromimaging is now possible using susceptibility-weighted imaging (SWI); Dempfle et al. 24 were able to quantitate venous volume and demonstrated that improved microcirculation following cerebral venous thrombosis may be prognostic.
Vasotrophic factors released in response to arterial occlusion, hemorrhage, or vasoconstriction could modulate the phenotype of cells in both the arterial and venous vascular wall. 25 Damage of the arterial wall, rupture of blood cells during hemorrhagic stroke, and/or diminished arterial pressure during ischemic stroke can trigger these changes. [26] [27] [28] Similarly, ischemic injury can also alter the function of intramural and pericapillary pericytes, which in turn can also modulate smooth muscle and endothelial phenotype, structure, and reactivity. [29] [30] [31] [32] In turn, this phenotypic transformation could alter venous structure, inflammatory state, and the probability for thrombus formation, which could further increase outflow resistance and precipitate BBB damage, brain edema, raised ICP, and further venous compression 27, 33, 34 (Figure 2 ). Venous endothelial injury and phenotypic transformation also could further aggravate local inflammation, increase probability for thrombus formation, and worsen stroke-related injury.
In parallel, vascular smooth muscle can transform from a contractile to a secretary/proliferative phenotype, yielding cells that are primarily non-contractile. Phenotypic changes may induce loss of cerebral autoregulation, due to arteries that no longer contract to restrict the flow of blood into the brain's circulation when arterial pressure increases ( Figure 2 ). Consistent with this idea, the myogenic response in the cerebral circulation typically is impaired following ischemic and hemorrhagic stroke, and impaired autoregulation is associated with a weak myogenic response. 35 This point is particularly important for ischemic stroke patients who have recently undergone thrombectomy; over-perfusion can occur when occluded arteries are recanalized. 36 Venous sinus hypoplasia (asymmetrical development) may be another precipitating factor that amplifies the increases in ICP and venous compression associated with stroke. Up to 50% of humans have a developmental abnormality of a venous sinus (e.g. transverse sinus) rendering it atretic or hypoplastic. Some patients exhibit asymmetrical abnormalities of a bilateral sinus, and others present multiple sinuses that are also only partially developed. 37 The poorly developed venous sinuses or internal jugular veins of such individuals may not be able to accommodate the drastically enhanced blood flow typical of reperfusion after stroke, especially when other pathological conditions such as ICP elevation, brain edema, or use of dihydropyridines are involved in the same patient. Increased arterial inflow without an accompanying increase in venous outflow will increase venous pressure and the risk for brain swelling. Because arterial inflow must always equal the sum of venous outflow and fluid extravasation, atretic venous sinuses have the potential to reduce total cerebral perfusion, reduce the arterial-venous pressure gradient, and promote formation of vasogenic edema. Correspondingly, Yu et al. 38 reported that after massive cerebral infarct, immediate malignant brain edema and death occurred in patients with abnormalities of the venous sinuses such as hypoplasia or occlusions that compromised cranial venous drainage.
Recirculation
Together, elevation of ICP, brain edema, massive brain infarction, smooth muscle and endothelium phenotype changes, use of dihydropyridines (e.g. nimodipine), and venous sinus hypoplasia, especially when several of these factors are combined, may increase venous pressure, enhance BBB disruption, and further elevate ICP, forming a vicious cycle that ultimately affects patients' outcomes ( Figures 1 and 2) . Moreover, multiple studies have suggested that collateral flow, when present and independent of canalization, is sufficient to improve clinical and imaging outcomes, such as smaller lesion volumes, decreased penumbra, etc. 39, 40 In addition, timing of collateralization (or as we suggest, ''recirculation'') appears to be crucial, as Yeo et al (2016) reported that delayed ''recirculation'' was not beneficial and perhaps even detrimental. Therefore, in patients with severe stroke, venous pressure and blood flow should be evaluated carefully before deciding on a therapeutic strategy. All of these points support the re-introduction of the concept of ''recirculation,'' after recanalization and reperfusion, to emphasize arterial and venous blood flow harmony in stroke pathophysiology. Therefore, stroke investigators need to remain mindful of cerebral venules and veins when considering patients' treatments and experimental studies.
Future research directions
Neuroimaging of arterial involvement in stroke-related brain injury has become commonplace, but few options are available to image cerebral veins. The size of each voxel in either CT or MR imaging is adequate for large veins, but precludes accurate sampling of small veins. SWI has been used with some success to image the venous vasculature. 41 Haacke and colleagues 42 reported that SWI imaging of venous oxygenation in stroke patients was predictive of patient outcomes, suggesting that monitoring venous oxygenation could be beneficial. Similarly, T2*-weighted fluid-attenuated inversion recovery (FLAIR*) has been reported to provide high contrast for identifying parenchymal veins. 43 In translational studies, two-photon microscopy has been used to differentiate arterial from venous effects. 44 Hopefully these and other approaches in future studies will help address how oxygenation changes in cerebral venous blood in the context of recirculation/reperfusion. Unfortunately, the standard external compression treatment regimen for insufficient venous flow in the periphery is not tenable for the brain because it is inside the rigid skull and cerebral veins do not have valves to prevent backflow. Pharmacological approaches to increase cerebral venous flow include the use of anticoagulants (heparin), thinning agents to reduce blood viscosity, and osmotherapy (e.g. mannitol, hypertonic saline, loop diuretics) to both decrease blood viscosity and draw water from the brain down osmotic gradients. 45, 46 Future goals include endovascular treatments for sinus thrombosis 47 and sinus stenosis 48 that target smaller veins or even venules to improve venous drainage via either chemical or mechanical approaches. Although most experimental studies target arterial aspects of recirculation in stroke, a few have focused on the venous side. 49 In contrast to studies of cerebral artery occlusion, which are methodologically more consistent among different laboratories, studies of venous thrombosis models are at an early stage of development and lack standardization, which greatly complicates comparison of results from different laboratories. Furthermore, most published studies have focused either on arterial or venous components, and very few have examined both arterial and venous components in studies of recirculation. Therefore, a goal of the present commentary is to emphasize that both arterial and venous components should be considered in studies of acute ischemic and hemorrhagic stroke.
Overall, the ''recirculation'' concept strongly suggests that stroke treatment paradigms need to address venous outflow from the brain in relation to arterial inflow. Therefore, to minimize potential brain swelling and reperfusion injury for severe stroke patients, we need to consider carefully venous pressure and outflow, potential arterial smooth muscle and venous endothelial phenotype changes, possible pre-existing venous sinus hypoplasia, and in particular, if nimodipine will be used.
